Oat crown rust, caused by Puccinia coronata f. sp. avenae, is a major constraint to oat (Avena sativa L.) production in many parts of the world. In this first comprehensive multienvironment genomewide association map of oat crown rust, we used 2972 singlenucleotide polymorphisms (SNPs) genotyped on 631 oat lines for association mapping of quantitative trait loci (QTL). Seedling reaction to crown rust in these lines was assessed as infection type (IT) with each of 10 crown rust isolates. Adult plant reaction was assessed in the field in a total of 10 location-years as percentage severity (SV) and as infection reaction (IR) in a 0-to-1 scale. Overall, 29 SNPs on 12 linkage groups were predictive of crown rust reaction in at least one experiment at a genome-wide level of statistical significance. The QTL identified here include those in regions previously shown to be linked with seedling resistance genes Pc48, Pc58a, Pc68, Pc71, Pc91, and PcKM and also with adult-plant resistance and adaptation-related QTL. In addition, QTL on linkage groups Mrg03, Mrg08, and Mrg23 were identified in regions not previously associated with crown rust resistance. Evaluation of marker genotypes in a set of crown rust differential lines supported Pc91 as the identity of QPc.CORE.18.3. The SNPs with rare alleles associated with lower disease scores may be suitable for use in marker-assisted selection of oat lines for crown rust resistance.
C
rown rust, caused by the fungal pathogen P. coronata f. sp. avenae (Pca), is the most important disease of oats in North America (Carson, 2008 (Carson, , 2011 Chong et al., 2008; Simons 1985) . While it occurs worldwide, it is a problem to crop production mainly where moderate temperatures (21-25C) coincide with moisture on leaves from rain or dew (Carson, 2008) . Crown rust infection is characterized by the formation of uredinia on leaves and leaf sheaths, the extent of which may be severe enough to impair photosynthesis with a consequent reduction in both forage quality and grain yield (Scholes and Rolfe, 1996; Simons, 1985) .
Genetic resistance is the primary means of controlling crown rust. The majority of known resistance genes are race specific, producing a hypersensitive reaction in an incompatible interaction. These major resistance genes are typically functional at the seedling stage and throughout the plant development, protecting the crop canopy. Documentation of race-specific (Pc) genes present in cultivated oat germplasm and incorporation into oat lines for North American production using breeding methods began in the early half of the 20th century (reviewed by Litzenberger, 1949; Simons et al., 1978) and continues to the present (Gnanesh et al., 2015) . In addition to those originally identified in oat, Pc genes have also been identified in wild oat species and deployed through intercrossing (e.g., Rines et al., 2007) . Regardless of origin, the duration of effectiveness in North America has proven to be quite short, with resistance lasting only ~5 yr, on average, before virulence develops in Pca (Carson 2008; Carson 2011; Chong and Kolmer 1993; Leonard 2003) . Adultplant (or partial) resistance is an alternative to the use of seedling resistance in the production of cultivars with resistance to Pca. Oat lines with partial crown rust resistance can maintain that resistance over decades (Leonard 2002) . In general, QTL for adult plant response confer resistance that is better represented by a quantitative scale and which can be characterized as a lower infection frequency, longer latent period, and smaller uredinium size (Díaz-Lago et al., 2003) . Adult-plant response is thought to be multigenic, which complicates the process of breeding such resistance into new cultivars.
The genetic locations of several genes for resistance have been mapped to linkage group locations that can be reconciled across studies using the consensus map of Chaffin et al. (2016) . These include Pc38 on linkage group Mrg02 (chromosome 9D; Wight et al., 2004) , Pc48 on Mrg20 (Wight et al., 2004) , Pc58a on Mrg02 (Hoffman et al., 2006; Jackson et al., 2007) , Pc68 on Mrg19 (Kulcheski et al., 2010) , Pc71 on Mrg21 (Bush and Wise, 1998) , Pc91 on the translocated chromosome 7C-17A (Gnanesh et al., 2013) , and PcKM on Mrg08 (Gnanesh et al., 2015) . In addition, QTL for adult-plant rust resistance have been mapped and can be placed on linkage groups Mrg02, Mrg06, Mrg08, Mrg12, Mrg17, and Mrg20 (Zhu and Kaeppler, 2003; Portyanko et al., 2005; Acevedo et al., 2010; Lin et al., 2014; Babiker et al., 2015) . Association mapping using samples or subsamples of oat accessions numbering <200 lines have identified QTL on linkage groups Mrg01, Mrg03, Mrg08, Mrg20, Mrg23, and Mrg28 (Montilla-Bascón et al., 2015; Winkler et al., 2016) . Given the overlap in map locations and the variation in methods of assessing resistance, some QTL may be either the same as, or allelic to the Pc genes.
The Collaborative Oat Research Enterprise (CORE) was a global partnership of oat breeding programs and funding organizations whose goals have been detailed elsewhere . The present study makes use of crown rust reaction phenotypes and SNP genotypes collected on 631 oat lines chosen primarily to represent current elite germplasm. In this study, we use genome-wide association mapping (GWAM) methods to identify the genomic location of genes contributing to variation among oat lines in reaction to crown rust at the seedling stage and in the adult plant. This is the first GWAM study of crown rust reaction in oat to be conducted under both a controlled environment and under field conditions over 10 location-years and provides a comprehensive effort to integrate results with differential gene stocks and current literature.
Materials and Methods

Plant Materials
The oat lines used in these analyses were nominated by oat breeders to the CORE as described by Esvelt . In brief, breeders of primarily spring-sown oat nominated 433 lines and breeders of primarily fall-sown oat for the southern United States nominated 140 lines intended to represent elite oat germplasm contemporary to these programs. In addition, 109 lines were chosen to comprise a world-diversity panel. Duplicate nominations were eliminated. For retention in the current analysis, lines were required to have phenotype data from at least one experiment and genotype data from at least one SNP genotyping platform (N = 631). Seed originating from a single panicle was increased as a spring planting in Aberdeen in 2009 to produce tissue for DNA extraction and seed for all subsequent experiments. All lines flowered under these conditions.
To aid post hoc interpretation of association results pertaining to seedling resistance, single-seed increases of 31 Pc differential lines were obtained from the USDA's Cereal Disease Laboratory in St. Paul, MN, and genotyped using the iSelect 6K beadchip array. Each Pc differential line contained one of the following: Pc14, Pc35, Pc36, Pc38, Pc39, Pc40, Pc45, Pc46, Pc48, Pc50, Pc51, Pc52, Pc53, Pc54, Pc55, Pc56, Pc57, Pc58, Pc59, Pc60, Pc61, Pc62 Pc63, Pc64, Pc67, Pc68, Pc70, Pc71, Pc91, Pc94, or Pc96. These Pc differential lines have been developed by various research programs, usually by backcrossing with popular elite germplasm, such that the recurrent background is not uniform among the differential lines (Carson 2011 ; http://pool.aowc.ca).
Genotyping
DNA extraction and genotyping was described by Esvelt . The SNPs genotyped using the oat iSelect 6K beadchip array (Illumina) were removed if multiallelic, monomorphic, missing 5% of calls, heterozygosity was 0.05; or if the relative minor allele frequency (MAF) was <0.01. Genotypes from genotypeby-sequencing (GBS) were called and retained as previously described , except that SNPs with 20% missing calls were retained for analysis. Because lines were derived from a single panicle, heterozygotes were set to missing prior to analysis. Then SNPs from either platform were removed if fewer than six lines were homozygous for the rare allele.
The 31 Pc differential lines were also genotyped using both platforms. Genotyping under the GBS technology was performed with the inclusion of an additional 65 oat lines for scoring purposes selected to include lines common to many of the CORE pedigrees and some recent lines derived from CORE germplasm. Genotype scoring and quality control were as above.
Phenotyping
Details of the planting and scoring of all experiments are deposited with primary data in the public database T3/ oat (http://triticeaetoolbox.org/oat/). Seedling reaction to crown rust infection was assessed as IT on the 0-to-4 scale of Murphy (1935) after inoculation with isolates designated as races BRBG (CR257), DQBG (CR249), DSGB (CR241), LQCB (CR259), LRBG (CR254), LSLG (CR236), NGCC (CR223), NRBB (CR245), NTGG (CR258), and SJGL (CR13) based on the standard race nomenclature of Chong et al. (2000) . Supplemental Table  S1 lists the genes reported by Chong et al. (2000) At other locations, failure to acquire phenotype scores for some lines was not systematic. Reaction to crown rust was scored on a whole-plot basis at the milk to earlydough stage as SV rated visually on the 0-to-100 modified Cobb scale (Peterson et al., 1948) and as infection reaction (IR) rated as resistant = 0, resistant to moderately resistant = 0.2, moderately resistant = 0.4; moderately resistant to moderately susceptible = 0.6, moderately susceptible = 0.8, moderately susceptible to susceptible = 0.9 and susceptible = 1.0. Replicates were averaged to generate the scores used in association analyses.
Statistical Analysis
We evaluated associations with SNPs placed on the consensus linkage map of Chaffin et al. (2016) . Where phenotypes were available for at least six carriers of the rare allele, single-SNP association analyses were performed in TASSEL v4.0 (Bradbury et al., 2007) under the default settings. Missing genotype data was numerically imputed using data from the five nearest neighbors computed by the Euclidean distance. Mixed linear models (MLMs) incorporating a kinship matrix alone or with the first three principal components (PCs) were compared with general linear models incorporating the first three PC and general linear models without covariates. Quantile-quantile plots of mapped and unmapped SNPs were used to compare statistical models for their ability to correct the tendency for Type I error inflation as a result of population structure and cryptic relatedness within the sample (Supplemental Fig. S1 ). Although results varied, a MLM incorporating three PCs and a kinship matrix was selected as the final model because this provided the best adjustment for Type 1 error inflation and was consistent with the population structure of the sample . Genome-wide statistical significance in one experiment was taken as sufficient evidence of true positive association, and p-values are reported for those SNPs. For the SNPs meeting the Bonferroni threshold, a p-value  0.01 was used as the threshold for reporting association with all other measures of crown rust reaction in this study.
Where multiple nearby SNPs were associated with the same measure of crown rust response, they may be nonindependent, such that using the genotype class of one SNP as a covariate reduces evidence of association at the other SNP (Dahleen et al., 2014) . This type of nonindependence can indicate that the SNPs involved are capturing genotype information at a single QTL. The independence of effects of SNP pairs was evaluated by converting the genotype class of the SNP with the smallest p-value into a covariate. Mixed linear model association tests were then rerun for all remaining SNPs and the resulting p-values compared with those from the original MLM. The SNPs were considered nonindependent if incorporation of one into the model increased the p-value for association of the other to >0.001.
Early maturing plants may encounter lower inoculum in some growing environments (Wiese 1987) , suggesting a role for adaptation-related loci in crown rust reaction. Days to flowering was not recorded at all locations; however, we used the locations for which this variable was available to calculate the average days to flowering as an approximate measure of relative maturity. This was used as an additional covariate in post hoc MLM analyses of field experiments for which statistically significant associations were observed. Lines were also stratified according to membership in either the spring oat panel or the southern oat panel and the MLM analyses of field experiments were performed within strata.
Results
Reaction to Crown Rust Infection
The seedling reaction of oat lines to controlled infection by single-pustule Pca isolates is summarized in Table 1 . In these experiments, lines with IT scores 0.5 comprised 37.5 to 69.1% of those evaluated, while lines with IT scores >3 made up the second most abundant category.
The distribution of IR scores differed among location-years (Table 2 ). This was consistent with the expectation that the distribution of Pca races in these naturally occurring mixes would differ, and hence the number and identity of effective resistance alleles in the CORE sample. Average SV was lowest in Winnipeg, MB in 2011 and highest in Fargo, ND in 2011 (Table 3) . Differences in average SV among location-years may have reflected both variations in Pca race distributions and differences in the environmental factors contributing to disease spread. Severity score distributions (not shown) were slightly skewed toward higher severity in Fargo 2011, Saint Paul 2010, and Saint Paul 2011. High SV in Saint Paul may reflect the highly diverse Pca populations generated by sexual recombination on the buckthorn alternate host used as susceptible spreader in the nursery or to a favorable environment for rust development. Severity score 
Association Analyses
There were 2972 SNPs with known positions on the consensus linkage map of Chaffin et al. (2016) and data of sufficient quality for inclusion in these analyses. The MLM incorporating a kinship matrix and the first three PCs as covariates produced an observed-toexpected p-value relationship most closely aligned with Table 1 . The number of oat lines by mean infection type (IT) score on a 4-to-0 scale where 0 is an immune response and 4 is a fully susceptible reaction following seedling inoculation with each of 10 crown rust isolates. expectations under the null. Therefore, that model was used in further analyses. However, correction was not equally effective for all measures of crown rust reaction (Supplemental Fig. S1 ). In particular, there remains a potential for false positive associations at p-values more extreme than the Bonferroni threshold from analyses of BRBG, NGCC, NRBB, B11IR, and W10IR. Associations with these measures significant in the full sample are reported below but only discussed where additional support was observed in this study or reported in the literature. The Bonferroni method was used to account for inflation of the false positive rate as a result of multiple testing, such that a p-value = 1.68  10 −5 was taken as the threshold for statistical significance to maintain α = 0.05 when considering the number of SNPs only.
Statistically significant associations between SNP genotypes and seedling reaction to crown rust infection were detected with all Pca isolates except DQBG ( Table 4 . Crown rust reaction association results for single-nucleotide polymorphisms associated with at least one measure. Linkage group (Mrg) and centiMorgan (cM) position are those of Chaffin et al. (2016) to the nearest centimorgan. BRBG, DQBG, DSGB, LQCB, LRBG, LSLG, NGCC, NRBB, NTGG, and SJGL refer to isolates. Other entries refer to infection reaction (IR) and severity (SV) scores in 2010 or 2011 in Baton Rouge (B11), Castroville (C10, C11), Fargo (F10, F11), Saint Paul (S10, S11), Ottawa (O11), and Winnipeg (W10, W11).
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Mrg 02 *** * * *** *** * ** *** W11IR * B11SV * ** ** ** ** ** C10SV * ** *** C11SV ** * *** * * * * * F10SV ** * *** * * *** ** ** ** F11SV * * ** ** * ** O11SV * S10SV * * ** S11SV *** W10SV * * * ** ** ** ** * * W11SV * * Significant at the 0.01 probability level.
** Significant at the 0.001 probability level.
*** Significant at the 1.68  10 −5 (the Bonferroni correction threshold) probability level.
consistently detected across experiments. Carriers of the rare allele exhibited lower disease, on average, than did carriers of the common allele in all experiments where the p-value for association was 0.01 (Table 5) . On Mrg20, markers GMI_ES02_c14986_166 at 38.9 cM and GMI_ES15_c12694_287 at 41.6 cM had very similar patterns of association across isolate tests (Table  4) . Inclusion of GMI_ES15_c12694_287 as a covariate in the MLM analysis reduced the evidence of association with the reaction to LRBG at GMI_ES02_c14986_166 to nonsignificance (p > 0.001; Table 5 ), suggesting that these SNPs imperfectly represent a single QTL (QPc. CORE.20.1). Likewise, associations with reaction to NTGG for GMI_ES14_c11853_251, GMI_ES14_ c1469_329, and Avgbs_40200 were also nonindependent (QPc.CORE.20.3; Table 5 ).
We considered whether significant associations identified on different linkage groups were statistically nonindependent and found that seedling response to NTGG at Mrg03 SNP GMI_GBS_108402 was not independent of Mrg20 SNP effects (Table 5) . Unlinked SNPs could have nonindependent effects on crown rust reaction because of differences between the most common map location of markers and the location on the consensus map but also if the effect of one QTL was dependent on allelic state at the unlinked QTL (i.e., epistasis). The average IT score of rare GMI_GBS_108402 allele carriers was higher than that of common allele carriers, while rare allele carriers of Avgbs_40200, GMI_ES14_c1469_329, and GMI_ES14_ c11853_251 all had lower average IT scores (Table 5) .
Association with measures of adult-plant resistance were identified using IR scores in Baton Rouge 2011 and Winnipeg 2010 and were identified using SV in Castroville 2010 , Castroville 2011 , Fargo 2010 , Fargo 2011 , Saint Paul 2011 , and Winnipeg 2011 (Table 4) . There was no overlap in genomic location of statistically significant QTL for IR and SV.
Quantitative trait loci for IR in Baton Rouge 2011 on Mrg06 at 73.5 cM (GMI_DS_LB_10329) and on Mrg12 at 58.5 cM (GMI_ES18_c3370_505) were statistically nonindependent of one another, but with opposite direction of effect (Table 5) . Single-nucleotide polymorphisms Chaffin et al. 2016 . § Letters refer to sets of SNPs with effects that are not statistically independent of one-another such that inclusion of one SNP as a covariate in the MLM reduces evidence of association at the other SNP(s) to P > 0.001.
on Mrg20 associated with IR in Baton Rouge 2011 were nonindependent and consistent in direction of effect (Table 4, ). In addition, analysis of IR in Fargo 2011 within the spring oat panel identified association with two markers in high linkage disequilibrium (r 2 = 0.98) on linkage group Mrg11 (Avgbs_222153 at 21.9 cM and GMI_ES17_lrc7896_489 at 16.2 cM). These SNPs were also marginally associated (p  0.01) in the spring panel with IR in Winnipeg 2011 and with SV in Fargo 2011 , Winnipeg 2010 , and Saint Paul 2010 . A similar analysis of SV in Winnipeg 2011 identified associations on Mrg01at 0 cM, on Mrg12 at 58.5 cM, and on Mrg17 at 81.6 cM. However, the quantile-quantile plot (Supplemental Fig. S1 ) suggested that inflation of the Type 1 error rate was poorly controlled in this analysis, therefore those results will not be discussed further.
Post Hoc Evaluation of Pc Differential Line Genotypes
To generate hypotheses about the identity of resistance QTL, we genotyped a set of 31 Pc differential lines. With the exception of Pc58 and Pc59 carrying multiple genes of the same name, each differential line carries a single seedling resistance (Pc) gene and is known by that gene name. Genotype-by-sequencing of the Pc differential panel identified 113,001 SNPs, but only three of the seven associated CORE GBS SNPs had sequence matches among the tags identified in the Pc differential set. This is likely the result of the smaller SNP discovery sample size for the Pc differentials compared with the CORE. All 23 of the associated Illumina 6K genotyping platform SNPs were successfully genotyped on the Pc differential panel. Table 6 summarizes the rare allele carriers among the differential lines for the SNPs associated in the CORE at the genome-wide level. Sixteen were monomorphic or not observed among the differential lines, while an additional five SNPs had minor allele frequencies among the differentials at or above that observed in the CORE. These SNPs may still reflect the effect on phenotype of , 38, 53, 57, 58, 59, 61, 63 GMI_GBS_108402 QPc.CORE.03.1 0.47 0.40 Pc14, 36, 53, 57, 60, 61, 62, 63, 64, 70, , 38, 39, 40, 46, 48, 50, 51, 53, 54, 55 , 35, 36, 50, 53, 57, 59, 61, 62, 63, 70 Table 6 , the common allele was associated with lower disease scores in over half of the SNPs (Table 5 ).
Discussion
The genetic architecture of crown rust resistance in oat is complicated by the >100 contributing loci already identified, the existence of both adult plant partial resistance and race-specific seedling resistance, and the dynamic nature of crown rust population diversity around the globe. In the sample of elite oat germplasm used in the present study, we have identified QTL influencing seedling and adult-plant reaction to crown rust. Interpreting these associations in terms of the type of resistance and identity with previously mapped QTL or Pc genes is complicated by the same factors that create complexity in the genetic architecture. Evidence for and against assigning identity of a Pc gene or previously mapped QTL to each QTL identified in the CORE is detailed below and placed in the context of previously published work in Fig. 1 . Ten SNPs (eight QTL) were primarily associated with seedling response to inoculation with specific Pca isolates, exhibiting weak association with adult plant response in no more than one experiment. From this, we conjecture that Qpc. CORE.03.1, Qpc.CORE.05, Qpc. CORE.09.1, Qpc.CORE.09.2, Qpc.CORE.09.3, Qpc. CORE.18.1, Qpc.CORE.18.2, and Qpc.CORE.20 .3 represent the locations of Pc genes that are no longer effective in the field (or are modifiers to those genes). A list of Pc genes no longer effective in the field can be identified using the crown rust surveys of the United States in 2006 through 2009 (Carson 2011) . Over half of the Pca isolates collected from both spring and winter oat growing regions were virulent against Pc14, Pc35, Pc36, Pc38, Pc39, Pc40, Pc51, Pc55, Pc57, Pc59, Pc60, Pc61, Pc70, and Pc71 . Virulence against a few additional genes was also observed for specific growing regions: Pc46, Pc48, Pc52 and Pc63 in the spring oat growing region and Pc67 in the winter oat growing region. Thus, there are 19 Pc genes demonstrated to have lost effectiveness in locations used in these experiments. These may underlie some of the QTL associated almost exclusively with seedling response to crown rust infection in this study.
Unfortunately, SNP genotypes of the Pc differential lines were mostly uninformative for the purpose of identifying genes underlying these eight QTL on the basis of a genotype unique to a single differential line. The exceptions were lines Pc61, Pc64, and Pc91, which had genotypes unique among the differential lines for SNPs at Qpc. CORE.20.3, Qpc.CORE.20.3, and Qpc.CORE.18 The suggestion that Pc91 is at the location of QPc. CORE.18.2 is puzzling given that the presence of this gene should have conferred near immunity against the crown rust races present in the field experiments of this study and, therefore, should have been detectible by association. Part of the explanation may be the location of Pc91 on the KOD_1_3_38_breakpoint, KOD_1_3_38_X1 linkage groups (Tinker et al., 2009; McCartney et al., 2011; Gnanesh et al., 2013) , which may have disrupted the expected patterns of association in this region. QPc. CORE.18.2, QPc.CORE.18.3, and QPc.CORE.28 are all mapped to locations corresponding to this major translocation (Chaffin et al., 2016; Tinker et al., 2009 ) and together demonstrate evidence of contributing to resistance at the seedling stage and in the field at Fargo 2011 and Winnepeg2010. At the remaining field locations, the predominance of crown rust races avirulent against other genes present in the CORE, for example Pc48, Pc58 and Pc68, may have reduced our ability to statistically identify the effect of the Pc91 gene.
There is little evidence to be gleaned from the results of previously reported linkage and association analyses for genomic regions associated primarily with seedling response in the CORE. An association with crown rust resistance was detected for the Diversity Arrays Technology marker oPt-11795 on Mrg03 (Montilla-Bascón et al., 2015) , but we were unable to refine the placement further. Molecular markers linked to the Pc71 gene (Bush and Wise, 1998) are located in the same region on the consensus map of Chaffin et al. (2016) as Qpc.CORE.05, suggesting Pc71 as a likely candidate gene to underlie that QTL. The Mrg09 QTL in this study are approximately 10 to 40 cM from a QTL for uredinial length mapped in the Ogle by TAM O-301 population (Jackson et al., 2008; Chaffin et al., 2016) . No other reports of linkage with crown rust resistance genes are at locations overlapping with CORE seedling response QTL because most Pc genes have not been mapped in biparental populations.
Six SNPs were exclusively associated with field response to crown rust in the full sample, but these include the SNPs of QPc. CORE.18.3 and QPc.CORE.28 discussed above. GMI_ES05_c3008_818 (QPc. CORE.03 .2) was found to be nonindependent of those Mrg18 and Mrg28 effects, suggesting either context dependency or map error. GMI_DS_LB_10329 (QPc. CORE.06) is very near to previously reported QTL influencing heading date and growing degree days to flowering (Holland et al., 2002; Tanhuanpää et al., 2012 ; Esvelt Pc genes, crown rust resistance QTL, and floweringrelated QTL reported by Bush and Wise (1996) 1 , Bush and Wise (1998) , and Winkler et al. (2016) 14 (superscripts refer to references in the figure). Only genes and QTL that can be reconciled to the consensus map of Chaffin et al. (2016) are shown on (A) linkage groups Mrg02, Mrg03, Mrg05, Mrg06, Mrg08, and Mrg09 and (B) linkage groups Mrg12, Mrg18, Mrg19, Mrg20, Mrg23, and Mrg28. . Incorporating a measure of maturity as a covariate in the MLM resulted in nonsignificant association at QPc. ). GMI_ES02_c270_386 (QPc.CORE.08.2) was associated only with SV ratings in Fargo 2010 and may represent the location of a QTL conferring adult-plant resistance to crown rust. On the other hand, incorporating maturity into the MLM resulted in a nonstatistically significant association at QPc. ). In support of this association, a QTL for crown rust reaction was identified on Mrg08 at 131.3 cM in a sample from the National Small Grains Collection using ratings taken at the Matt Moore Buckthorn Nursery in 1994 (Winkler et al., 2016) . Also on linkage group Mrg08 is the adult-plant resistance QTL QCr.cdl9-12D derived from oat cultivar CDC Boyer (Babiker et al., 2015) .
An additional QTL on Mrg11 at 16.2 to 21.9 cM was detected in stratified analysis of the spring oat nomination panel. Linkage with crown rust resistance has not been previously reported for this genomic region.
The 13 remaining SNPs (nine QTL) showed evidence of association in both seedling and field experiments. We conjecture that the QPc. CORE.02, QPc.CORE.08.1, QPc. CORE.08.3, QPc.CORE.12, QPc.CORE.19, QPc.CORE.20.1, QPc.CORE.20.2, QPc.CORE.23.1, and QPc.CORE.23 .2 QTL could represent the locations of Pc genes with some effectiveness against races of Pca prevalent in the location-years used in this study. Likely candidate genes for this type of QTL include Pc45, Pc50, Pc53, Pc54, Pc58, Pc62, Pc64, Pc68, Pc91, Pc94 , and Pc96, which were effective against a majority of the Pca isolates collected in the United States in surveys from 2006 through 2009 (Carson 2011 ). In addition, Pc67 was effective against the majority of isolates collected in the spring oat growing area, while Pc46, Pc48, Pc52, and Pc63 were effective against the majority of isolates collected in the winter oat growing region.
Pc differential line Pc96 was the only differential line to be scored as homozygous for the rare allele of GMI_ ES02_c14986_166 (QPc.CORE.20.1). However, assignment of the Pc96 gene as the primary candidate gene for QPc.CORE.20.1 is complicated by the fact that Pc96 was also the only differential line homozygous for the rare GMI_ES22_c270_386 allele (QPc.CORE.8.2). QPc. CORE.8.2 was not detected in seedling experiments but only on the basis of SV in Fargo 2011, rendering the Pc96 gene an unlikely candidate for this QTL. Regardless, observation of genotype classes unique to one differential line but at two genomic locations highlights the need for caution in interpreting that data.
There are previously reported QTL at map locations near these CORE QTL (Fig. 1) , some of which can be explored in greater detail. QPc.CORE.02 is within ~10 cM of Pc58a, which was mapped using the Ogle by TAM O-301 biparental population (Hoffman et al., 2006; Jackson et al., 2007) . At GMI_GBS_95371, Ogle is homozygous for the allele associated with susceptibility, while TAM O-301 (the source of Pc58a) is homozygous for the allele associated with resistance, suggesting that the genomic regions defining Pc58a and QPc.CORE.02 may overlap.
QPc.CORE.19 is very near the map location of a marker on Mrg19 at 78.5 cM loosely linked to Pc68 (Kulcheski et al., 2010) . Linkage to a QTL conferring resistance to crown rust isolates PC54 and PC59 was also reported in this genomic region (Bush and Wise, 1996) . Both PC54 and PC58 were avirulent on lines carrying the Pc68 gene. QPc.CORE.19 was the most widely detected QTL across experiments in this study. This is consistent with expectations for a widely disseminated seedling resistance gene such as Pc68, which retains effectiveness against the majority of crown rust races observed in the oat growing regions of the United States during the years of this study.
QPc.CORE.23.1, in addition to being associated with field response, was in the genomic region of a QTL at 28.5 to 49.5 cM conferring resistance to crown rust isolates PC54 and PC59 (Bush and Wise, 1996) . Bush and Wise (1996) found the PC54 and PC59 isolates to be avirulent on lines carrying the unmapped genes Pc45, Pc50, Pc53, Pc54, Pc62, and Pc64 as were the majority of isolates collected in the United States in 2006 through 2009 (Carson 2011) . These gene effects, therefore, had potential to be identified in this GWAM. Pca isolate NTGG is avirulent on lines carrying Pc45, Pc54, and Pc64, suggesting these as candidate genes for QPc.CORE.23.1. In contrast, incorporation of maturity as an additional covariate in the MLM reduced significance at this QTL (p = 4.05  10 −5 ), throwing doubt on the weak association observed with reaction to isolate NTGG and suggesting an adultplant resistance. Further investigation will be required.
Although many QTL influencing reaction to crown rust have been identified in the analyses of the present study, some previously reported QTL were not detected. These include QTL on Mrg02 at 73.3 to 85.2 cM (Acevedo et al., 2010; Wight et al., 2004) , Mrg12 at 9.2 to 14.8 cM (Acevedo et al., 2010) , and Mrg20 at 18 to 26.6 cM (Acevedo et al., 2010; Babiker et al., 2015) . The set of isolates used in this study were not informative of the presence of all Pc genes. For example, all eight isolates were virulent against Pc39 (Chong et al., 2000) . Further complicating the task of identifying all genomic regions contributing to resistance in the CORE is that a lack of statistical power to detect a true association may exist where there is insufficient linkage disequilibrium between measured markers and the QTL or where the rare allele occurs too infrequently in the sample (Semagn et al., 2010) . In addition, the need to correct for inflation of the Type I error rate as a result of population structure, kinship, and multiple testing across markers has the potential to inflate the Type II error rate (Price et al., 2010; Semagn et al., 2010; Vilhjálmsson and Nordborg 2012) . We chose a reporting threshold with the goal of minimizing false positives, and it is likely that other thresholds could be applied that would yield additional genomic regions of interest (Supplemental Fig. S2 ).
Some of the SNPs identified here should be suitable for marker-assisted selection. For example, the rare allele of Avgbs_228849, in the Pc68 gene region, is carried by lines like UFRGS8, thought to derive resistance from the Pc68 gene (Sganzerla Graichen et al., 2010) . This SNP allele is carried by a few crown rust susceptible lines, such as Melys, but useful polymorphism would be present between UFRGS8 and most recurrent parent germplasm. Although additional work is required to determine the map distance between Avgbs_228849 and the resistance locus, a cautious use of this marker to identify QTL carriers in a segregating population may be possible. In contrast, for 64% of the SNPs identified here, the common allele was associated with lower disease scores. In those cases, the genotype class associated with resistance includes many susceptible oat lines, reducing the chance of polymorphism between a donor line and other germplasm in a breeding program. In these genomic regions, additional SNP discovery, along with fine-mapping, may be required to identify markers able to accurately define the haplotype carrying the resistance allele.
In summary, this work presents the most comprehensive GWAS of crown rust resistance to date. The QTL identified here include those associated with (i) seedling resistance genes that have been present in elite oat germplasm for several generations, (ii) seedling resistance genes that have been more recently introgressed but which still occur at a sufficiently high frequency in the CORE sample to enable detection by statistical methods (Rostoks et al., 2006) , and (iii) those conferring some level of adult plant resistance in some or all of the environments evaluated. The associated SNPs may be suitable for use in marker-assisted selection for crown rust resistance or may be used to define a genomic region for comparative sequence analysis to identify additional markers.
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